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QCD Hard Scatters & Factorization

High pr particle production tests perturbative QCD
calculations and helps constrain parton density (PDF)
and fragmentation functions.

a IS the fraction of the proton’s
longitudinal momentum
carried by a parton

Q? is the squared momentum
transferred in the hard scatter

z Is the fraction of the

outgoing parton’s \\ photon
momentum carried by a particle : :
. Hard Scatter

e long range - - - - - -- : ©000000GC longrange ------- >
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Why Study Direct Photons?

Photons provide a clean probe of the hard scatter
Only two processes contribute at leading order to the
direct-photon cross section:

gq annihilation and gg Compton scattering

q\ﬁﬁﬂﬂ’y q\wﬁﬁ,'y
67/%%%9 gw\q

: : : . Direct ~y cross section
Direct-photon production is sensitive to uncertainty due to PDF

the gluon distribution

Michael Begel Hard Probes 2006 3



Meson West Spectrometer
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w¥ and 7 Signal Definitions

7% and n mesons are reconstructed via their
~~ decay modes N

A’Y |E’Yl ’Yzl < O 75 }/Lze

Y E~ +E~, E, == Signa Region £
o &
L.l Sidebands

p; >3.5GeVic

mmm All yypairs
After cuts

[
o
(&1}

Entries/ 10 MeV/c?
5

=
o
w

800 GeV/c p beam

08 1 B
yyMass (GeV/c?) 1.0<y<05

Photons from 7° and n meson e —
decays are the leading source of Ml
direct-photon background. Reduce meson background estimated
this background by identifying these via sideband subtraction
photons.
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Direct Photon Candidates

Candidates that formed ~~ pairs with

invariant mass in the «° or n peak
regions and A, < 0.9 were rejected
(A~~ varied for systematic studies)

p;>4GeVic

Entriesper 2M ev/c?
ies per 10 MeV/c?

) Entri

® DGS
Data

Backgrounds are still significant even [l seeamocan
after rejecting most = and n LA ]
mesons. A properly tuned simulation S —
IS necessary to estimate the ' P e
remaining background. ;

Data

Signal obtained after statistical
subtraction of the background

direct single

o’ =0} — (7s/7°)mc X T 0

0.8 1
Energy Asymmetry
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Direct Photon Candidates
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Direct Photon Candidates
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Production Cross Sections
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Nuclear Dependence

Large pr processes on nuclei may be affected by multiple
parton scattering or modifications of parton distributions in
nuclear matter

For hadron production by p and = beams,

expect a suppression at low pr
(nuclear disk)

expect an enhancement at
large pr (scattering)

SINGLE LOCAL HI Trigger 530 GeV/c p Beam
pr>4.0GeVic

£
£
0
o
g
o
8
£
L

In high p hadron production,
multiple scattering may occur in the INTERACTION Triggr
initial and/or final state. In direct
photon production, multiple scattering
IS expected to occur primarily in the
initial state.
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Target Region
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Target Region
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Nuclear Dependence

7% Production

3.5 < pr < 5.5 GeV/c

<

5,

3 530 GeVie p
800 GeV/e p
515 GeVie ©—

1.271 4+ 0.016 + 0.025
1.283 4+ 0.025 4+ 0.038
1.237 + 0.015 + 0.025

Direct Photon Production

3.5 < pr < 8.0GeV/c

515 GeV/c 1t beam

530 GeVie p
800 GeV/e p
515 GeVie ©—

B

X. Guo and J. Qiu
N
S @200 GeV/c Tt beam (E258)

1.103 + 0.032 + 0.022
1.043 + 0.032 4+ 0.031
1.083 + 0.024 + 0.022

p; (GeVlic)
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Nuclear Dependence

[AlBe/ 0D [Zlcu/l

530 GeV/c p beam 530 GeV/c p beam

|Be [Alou/op

>
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Nuclear Dependence

[%]Be/"'p
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Comparisons with NLO pQCD

Ol—l AR

* pBe at 800 GeV/c
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About k7 Effects

kr refers to the magnitude of the
effective transverse momentum
vector of each of the two colliding
partons.

Average kr values significantly SHENIX (
larger than expected from ZEUS
non-perturbative hardon-size \ J

effects have been observed in =706 + :
\ L]
production, and have been PHELNY CCOR T

<k> (GeV/c)

CDF—>

Drell-Yan, Z, and diphoton WA70, \

Interpreted as resulting from = Dije
multiple soft-gluon emissions.

Vs (GeV)
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About k7 Effects

o
)

kr refers to the magnitude of the
effective transverse momentum
vector of each of the two colliding
partons.

Average kr values significantly
larger than expected from
non-perturbative hardon-size

NLO Theory 0 LO Theory

yy — Resummed Tt T[O <k;>=0.0 GeV/c

¥>4.0 GeV/ Py >2.5 GeV/ ha>mL2Gevie
pY>4.0 GeV/c <k;>=1.1GeV/c) | Pr>2.5Gevic
oo Govie (ke LT s — <k;>=1.4 GeV/|
Ag>105

(/o) doldpg,,; (GeVic)™
© o o o o
= N w N [(8)]

o
o

>
LO Theory 0
. y <k;>=0.0 GeV/c n Tt
<k>=1.2GeV/c

effects have been observed In PR <3V S VA . -

A@>105° A@>105°

Drell-Yan, Z, and diphoton
production, and have been
Interpreted as resulting from
multiple soft-gluon emissions.
Fixed-order pQCD calculations
partially include this effect through
additional diagrams.

Resummed pQCD calculations
should properly include kr
effects.
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Two Arms are better than One

™ production on Be targets

-
o

sl Distributions
o 530 GeV/c p beam ( x 1072) ] SuCh aS the
dipion mass

..- 800 GeV/c p beam ( 1074)’;
d pJ.
and p7. are
Insensitive to
kT effects.
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=
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o
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S
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e,
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¢ o
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LO Theory
L y <k;>=0.0 Gev/of

0 ---1frf data
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P >25 Gevic
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H=p;/2

+ 10 11

Py (GeVlc)

w

0o 2 4
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Including Higher Order Effects

There has been significant progress towards LO pQCD calculations

developing resummed calculations for model incident-parton kr

inclusive direct photon and «° production using Gaussian smearing
O_NLO X KLO(pT)

pp - P4+X E[t]l3c5/dp3 (nb/GeVZ)

o™ ({kT))
o9 ((kr) = 0)

KLO (pT) —

pBe - yX at 530 GeV/c

e R =14GeVic
&k 0=12GeVic
&, [=10GeVic

g
o
&
<
=
i
-
£ 4

FE706Vs=31.5GeV |n |<0.75™
s MRST2002 KKP

-0.75<y<0.75

10 11
pr (GeVic)
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Inclusive Production with

O 515 GeV/c 1t beam

Edo/d’p (pb GeV? per nucleon)

= NLO Theory
SPU=p/2

D1'4 GeV/c (515 GeV/c)
O —— K [=[01.1GeV/c (800 GeVic)

(1.1 GeV/c (530 GeV/c)
(k[ 0.0 GeV/c

™ production on Be targets ’

© 800 GeV/c p beam (x 107)
A 530 GeV/c pbeam (x 107) 7

11

p; (GeV/c)

Edo/d’p (pb GeV ™ per nucleon)

i
o

= =
o o

=

_F NLO Theory
= u=p/2

T F —— [k, [E[]1.3 GeV/c ( 800 GeVic)

CE e [k, [ 0.0 GeVic

s
y production on Be targets |

m 515 GeV/c 1t beam
e 800 GeV/c p beam (x 1072 ) 3
4 530 GeV/cpbeam (x107) |

Dl.s GeV/c (515 GeV/c)

[1.2 GeV/c (530 GeV/c)

L \1\0\ L \“11
P (GeV/c)

Chosen k+ values were influenced by studies of two particle
correlations but are model dependent. This Is not a

measurement of k.
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Inclusive Production with

kr

(Data-Theory)/Theory

pBe - T°X a 530 GeV/c |

CTEQS5M pdf
k[ 11GeVic

| CTEQS5M pdf
- K [=1.2GeVic

(Data-Theory)/Theory

pBe - X at 800 GeV/c |

CTEQ5M pdf
&k [=1.1GeV/c

| CTEQ5M pdf
- [k [=1.3GeVic

TBe - X a 515GeV/c |

GRV92 pdf
[k [F14GeVic

| GRV92 pdf
L [k [F15GeVic

p; (GeV/c)

p; (GeV/c)

Chosen k+ values were influenced by studies of two particle
correlations but are model dependent. This Is not a
measurement of k.
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Comparisons with Other Experiments

WA70 and UAG

pp - yX a 280 GeV/c (WAT0) T p - yX at 280 GeV/c (WAT70) o] pp - X at 280 GeV/c (WA70) Tp- X at 280 GeV/c (WA70)
CTEQS5M pdf GRV92 pdf : CTEQS5M pdf GRV92 pdf
k.[= 0.7 GeV/c

(Data-Theory)/Theory

k.= 0.7 GeV/c

Pp - yX at 315 GeVic (UAB) pp — 10X at 315 GeV/c (UAB) pp — TOX at 315 GeV/c (UAB)
CTEQ5M pdf 5 I CTEQSM pdf CTEQ5M pdf

8
P (GeVic)

Direct Photon Production 7% Production
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Comparisons with Other Experiments

Data/ Theory
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Conclusions

High-pr direct-photon and «° production has been measured in

Interactions of 515 GeV/c v~ and 530 GeV/c and 800 GeV/c protons
with beryllium, copper, and hydrogen targets.

The production of direct photons exhibits significantly smaller nuclear
enhancement than does high-pr 7° production.

The shape of the rapidity distributions do not exhibit any significant
dependence upon the nuclear target over the range covered by the
experiment.

NLO pQCD does not satisfactorily represent the data at our energies.

The data are described better by kr-enhanced NLO pQCD calculations
using the softer gluons of CTEQS5 and MRST2003 than the harder
gluons of CTEQSG6.1.

Inclusion of direct-photon data in global fits would provide additional
constraints on the gluon distribution, independent of the Tevatron jet
data, thereby enhancing the discovery potential of the jet data being
acquired in Tevatron Run II.
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Conclusions

Inclusion of direct-photon data in global fits would provide additional
constraints on the gluon distribution, independent of the Tevatron jet

data, thereby enhancing the discovery potential of the jet data being
acquired in Tevatron Run II.

inclusive jet production  fasiNLO

in hadron-induced processes

| DIS 100 < Q° < 500 GeV? - DIS

| 100 < Q? < 500 GeV?

o H1 150 < Q <200 GeV' o H1 150 < Q <200 GeV?

Vs = 300 GeV m HL 200 < Q <300 GeV? Vs = 300 GeV m HL 200 < Q <300 GeV?
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Photon Reconstruction
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Monte Carlo and Data Comparisons
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Systematic Uncertainties
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Comparisons with NLO pQCD
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Comparisons with pQCD

NLO pQCD has reduced scale dependence and significantly improved
agreement when compared to ratios of direct-photon cross sections
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Comparisons with Other Experiments
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Sensitivity to the Gluon Distribution
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Comparisons between direct-photon data and k+-enhanced
NLO pQCD help us distinguish between various PDF.

Michael Begel Hard Probes 2006 32



	QCD Hard Scatters & Factorization
	Why Study Direct Photons?
	Meson West Spectrometer
	$pi ^0$ and $eta $ Signal Definitions
	Direct Photon Candidates
	Direct Photon Candidates
	Direct Photon Candidates
	Production Cross Sections
	Nuclear Dependence
	Target Region
	Target Region

	Nuclear Dependence
	Nuclear Dependence
	Nuclear Dependence
	Comparisons with NLO pQCD
	About $k_T$ Effects
	About $k_T$ Effects

	Two Arms are better than One
	Including Higher Order Effects
	Inclusive Production with $k_T$
	Inclusive Production with $k_T$
	large Comparisons with Other Experiments
	large Comparisons with Other Experiments
	Conclusions
	Conclusions
	backup
	Photon Reconstruction
	large Monte Carlo and Data Comparisons
	Systematic Uncertainties
	Comparisons with NLO pQCD
	Comparisons with pQCD
	large Comparisons with Other Experiments
	large Sensitivity to the Gluon Distribution

